The fully energy-damped yields from the 35 Cl+ 12 C reaction have been systematically investigated using particle-particle coincidence techniques at a 
I. INTRODUCTION
The 35 Cl+ 12 C binary-reaction channels have been studied over the past few years [1] [2] [3] at several relatively low 35 Cl bombarding energies (E lab ≤ 200 MeV), in the framework of a more general investigation of the 47 V composite system [3] [4] [5] . It has been established that entrance channel effects do not play a significant role in the binary-decay processes of the 47 V nucleus as populated by the three studied entrance channels ( momenta. This demonstrates that in each case the compound nucleus (CN) is formed after a complete equilibration of the mass asymmetry and the shape degrees of freedom. Further, the properties of the binary-decay channels are in agreement with the expectations of the transition-state model [6] and thus suggest a fusion-fission (FF) origin. The occurrence of FF rather than orbiting in certain systems, such as the 47 V dinucleus, has been the subject of large number of discussions [2] [3] [4] [5] [6] [7] [8] [9] . These have led, in most cases, to the conclusion that the FF process has to be taken into account when exploring the limitations of the complete fusion process at large angular momenta and high excitation energies. This is in accordance with the qualitative expectations of the number of open channels model [10] .
In this paper we report on further inclusive measurements on FF yields of 35 Cl+ 12 C at a bombarding energy E lab ( 35 Cl) = 280 MeV. This significantly extends the known complete FF excitation function for this reaction. In addition, fragment-fragment correlation data have been collected to check the relative importance of mechanisms other than secondary particle emission for the high excitation energy (E * CN = 85 MeV) in the compound system reached by this reaction. Light-fragment emission from the reaction fragments can lead to a "charge deficit" between the observed and entrance-channel charge. The charge deficits in the present measurement are extracted from the coincidence data in order to verify that they follow the systematic trend that has been found with previously published results, thus confirming the binary nature of the reaction. No evidence is seen for the onset of ternary processes for incident energies lower than 10 MeV/nucleon.
It is known that the secondary and sequential light-charged-particle emission from the fully accelerated binary-decay fragments increases with energy. Nevertheless, the properties of the primary fission fragments can be deduced, even at energies as high as 280 MeV, by using the coincident data. As found at the lower energies studied [1] [2] [3] the hypothesis of CN formation followed by a statistical decay is supported by the present data. Further, the measured FF excitation function for each fragment atomic number is found to be compatible with the choice of mass-asymmetric-dependent fission barriers used in the transition-state model calculations [6] .
A brief description of the experimental techniques is given in the next section. The experimental results of the single and coincidence measurements are presented in Sect.III.
These results are then discussed in Sect.IV within the framework of two distinctly different FF pictures based upon whether the saddle point [6] or the scission point [7, 8] determines the fission decay rates. The energy calibrations of the BCS and IC's were obtained using elastically scattered 35 Cl projectiles from a 100 µg/cm 2 thick Au target and from the C and Mg targets, combined with measurements of α sources and a calibration pulser. On an event-by-event basis, corrections were applied for energy loss in the target and IC's window foils and for the pulse height defect in the Si detectors [12] . The absolute normalization of the measured differential cross sections was determined from an optical model analysis of the elastic scattering measured at the more forward angles using potential parameters found to fit accurately the lower energy data for the same reaction [2] .
II. EXPERIMENTAL PROCEDURES
A typical two-dimensional charge (Z) versus velocity (v) contour plot of the fragment invariant cross sections is given in Fig.1 for θ lab = -7 o . The velocity v has been deduced by using the empirical mass formula of Charity and collaborators [13] on the basis of an event-by-event analysis. Three distinct zones can be clearly identified. The first, where Z is close to that of the projectile (Z = 17), corresponds to the quasi-elastic group having a mean velocity close to that of the projectile (v P ). For higher Z (Z ≥ 18) the fragment velocities are well centered around the CN recoil velocity (v CN ) and thus correspond to fusion-evaporation residues (ER). The third class of events is distributed on two, well separated velocity branches which merge together as Z is increased, as expected for binary-decay processes in a reverse kinematics reaction. It is observed that the two branches which correspond to the two allowed kinematic solutions, overlap gradually as the detection angles are increased. The two groups belonging to the second solution arise either from asymmetric-fission components (6 ≤ Z ≤ 10) or from symmetric-fission components which are mixed with deep-inelastic (DI) collisions events (11 ≤ Z ≤ 15) with large mass transfer.
In the following, the properties of the binary fragments belonging to this last class of events will be discussed in detail. These fragments arise from fully energy-damped reactions.
This fact is illustrated by the solid lines drawn in Fig.1 which have been calculated by using the Viola systematics [14] for symmetric-fission fragments. The velocities of the nonsymmetric mass fragments have been corrected by the following asymmetric factor [15, 3] :
2 , where Z 1,2 are the charges of the outgoing fragments.
III. EXPERIMENTAL RESULTS
Inclusive kinetic energy spectra were measured for each Z fragment produced in the parameter set used previously at lower bombarding energies [2] . The large discrepancies are essentially due to an overestimation of the TKE rotational term induced by neglecting diffuse-surface effects in the calculations performed without corrections for secondary lightparticle emission. On the other hand, the results of FF model predictions (which will be discussed in the following section), including both these effects, are shown by the solid line to be very close to the mean values of experimental data. Furthermore the average TKE value corresponding to symmetric mass splitting is close to the prediction of Viola [14] and to that of more recent systematics well suited for light heavy-ions [19] .
The experimental elemental Z distribution (full points) of the integrated fully-damped yields (for Z ≤ 12) and ER cross sections are plotted in Fig.4 with two statistical model calculations (histograms) which will be discussed in detail in the next section. Because of the potential mixing with large DI components (which might be composed of either partially or fully-damped yields), no attempt has been make to extract the FF yields for Z = 13 and 14. The total FF and ER cross sections are σ F F = 25.0 ± 4.5 mb and σ ER = 763 ± 100 mb respectively. The corresponding critical angular momentum is L crit = 27.5 ± 2.5h 7 as calculated by using the sharp cutoff approximation. This value is taken as an input parameter for the statistical model calculations discussed in the next section.
The possible occurrence of ternary processes that involve three massive fragments in competition with the binary-decay mechanisms has been searched for in the fragment-fragment coincidence experiment. The angular correlations obtained are displayed in Fig.5 for the indicated charge partitions and angle settings. They are found to peak at well defined angles between θ 2 = 30 o and 50 0 , independent of the charge partition, indicating that the fragments have a dominant two-body nature as expected for energies lower than 10 MeV/nucleon [20] [21] [22] . The peak positions in the correlation functions are a measure of the reaction Qvalue for the primary decay. As an example the large and narrow peak for Z 1 =17 and Z 2 =6
has the position expected for the elastic scattering, whereas the second and smaller peak at 55 0 might correspond to a fast neutron transfer process. Similar narrow peaks are observed at comparable angles in other correlations with (Z 1 =17 and Z 2 =5) and (Z 1 =16 and Z 2 =6) that may be attributed to quasielastic proton stripping or pick-up processes. More fullydamped processes have larger width correlations which are peaked at smaller angles. The role of secondary light-particle emission will be to broaden these distributions, but without significantly affecting the centroids of the correlations.
In previous experiments using projectiles of mass A proj = 32 to 40 on various targets, events corresponding to the emission of three heavy fragments (A ≥ 5) have been found to occur significantly (at a 10 % level) only at higher bombarding energies (10-15 MeV/nucleon) [23] [24] [25] . More recently, however, there has been evidence cited in the literature [26, 27] for three-body events in 32 S induced reactions at lower energies (4-6 MeV/nucleon).
In the following we investigate this possibility of three fragment emission in the present exclusive data through the analysis of the Z 1 -Z 2 coincident yields which have been energy integrated for Z 1,2 ≥ 5. The Z 1 -Z 2 correlation results are displayed in Fig.6 for the indicated angle settings. The diagonal lines given by Z 1 +Z 2 = Z proj +Z target = Z CN = 23 correspond to binary reactions with no light-charged-particle evaporation. The majority of events are found to occur near Z tot = 20-21, regardless of whether the exit-mass partition is symmetric or not. Thus the most probable missing charge ∆Z was found to be around 2 charge units, which is most likely lost through particle emission from either the excited composite system or a secondary sequential evaporation from one of the binary-reaction partners. In order to perform a more quantitative analysis of these processes we have plotted in Fig.7 and Fig.8 the coincident yields as a function of the missing charge for the chosen angle settings. These results are discussed in the next section.
IV. DISCUSSION AND CONCLUSION
The spectra of the summed missing charge, displayed in Fig.7 , have typical Poisson-like distributions with most probable value λ = < ∆Z >:
The corresponding fits by using this expression are also given in the figure. The angular dependence of the maxima gives an estimate of the energy transferred into the fragments according to the two-body kinematics. It should be noted that a non-statistical emission, such as a three-body break-up mechanism, will produce enhanced yields superimposed on the exponential decrease of the Poisson-like shapes at large ∆Z values as shown previously for 32 S induced reactions at 10 MeV/nucleon bombarding energies [28] . The data of the individual missing charges of Fig.8 are furthermore reasonably well reproduced by a statistical model calculation that will be presented later in this section.
An average charge-deficit value of < ∆Z > = 1.74 is then obtained when only the fully-damped events are taken into account. This value is appreciably larger than the one An energy threshold of about 37 MeV is found for the emission of light-charged particles and an excitation energy increase of 21 MeV is required on average for the emission of one unit of particle charge in qualitative agreement with previous analyses [22, 28] . Similar conclusions have also been reached from inclusive measurements of ER mass distributions [31] and from exclusive measurements on the decay of projectile-like fragments in the intermediate energy domain [32] . These results suggest that the emission occurs as a statistical evaporation from equilibrated nuclei.
In summary, the present charge-deficit results are consistent with a statistical decay of binary fragments and follow the proposed systematics for this behaviour quite well, in contrast to the data of [26, 27] . The absence of ternary events in the present measurement is consistent with results from 32 S induced reactions where evidence of three-body processes is only seen at incident energies higher than 10 MeV/nucleon [28] . It can be surmised that, in the present experiment, the inclusive cross sections measured for the lightest Z fragments (Z ≤ 12) arise from a fully-damped binary process, such as FF, followed by a sequential emission of light-charged particles and neutrons. In the subsequent discussion we will consider these fragments as FF fragments.
In Fig.10 the strongest FF channels for the 35 Cl+ 12 C reaction measured at E lab = 280
MeV in this work are presented individually for each element along with the previously published data [1, 2, 33] between E lab = 150 MeV and 200 MeV. This provides experimental elemental excitation functions to which statistical-model calculations can be compared.
The FF cross sections rise rapidly with increasing bombarding energies and then more slowly at higher energies. This behaviour is a characteristic signature of a statistical CN emission. Therefore it is not surprising that the experimental elemental excitation functions are very well explained in the framework of statistical model calculations [6, 7] as shown by the results given in Fig.4 for two types of models.
The first model is based upon the transition-state theory [6] for which the fission width is assumed to depend on the available phase space of the saddle point. The second model corresponds essentially to an extension of the Hauser-Feshbach formalism [7, 8] which treats γ-ray emission, light-particle (n, p, and α) evaporation and FF as the possible decay channels in a single and equivalent way. The Extended Hauser-Feshbach Method (EHFM) assumes that the fission probability is proportional to the available phase space at the scission point.
Both calculations start with the CN formation hypothesis and then follows the system by first chance binary fission or light-particle emission and subsequent light-particle and/or photon emission. In the following the full procedure of EHFM, including secondary emission, will be called EHFM+CASCADE. For instance it is clearly shown from the EHFM calculations of Fig.8 that the sequential emission plays an important role in the deexcitation scheme.
In the transition-state model the geometry of the saddle point, including the role of the fragment deformation, is fully determined by macroscopic energy calculations. The massasymmetric fission barriers are calculated following the procedure outlined in the liquid drop model of Sierk [34] in order to incorporate effects resulting from finite range of the nuclear interaction and the diffuseness of the nuclear surface [35] . Both FF and ER yields are calculated using a modified version of the code CASCADE [36] . The effect of lightparticle emission from the fission fragments (significant at high excitation energy as shown previously) on the observed element distributions was simulated using the binary-decay option of LILITA [17] . The transition-state model is an ab initio calculation based on our current best understanding of the macroscopic energies of light systems. This calculation leads to certain results which appear to agree well with experiment [6] . In the following the full transition-state model calculations with sequential decay will be labelled as TSM.
The EHFM is an alternative approach using the phase space at the scission point to determine relative probabilities. In the EHFM calculations the scission point can be viewed as an ensemble of two, near-touching spheres which are connected with a neck degree of freedom. The value of the neck length parameter (or separation distance) s = 3.0 ± 0.5 fm is chosen, as is commonly adopted in the literature [2, [37] [38] [39] for the mass region of interest.
The large value of s used for the neck length mimics the finite-range and diffuse-surface effects [6] of importance for the light-mass systems [19, 35] and, as a consequence, this makes the scission configurations closely resemble the saddle configurations of the Sierk model [34] .
A systematic study of a large number of systems [7, 8] allows the parameters of the model to be fixed so as to achieve good agreement with the experimental results. Recent studies [8] in the framework of EHFM have led to scission configurations being deduced for the lighter systems being studied [8] .
In EHFM+CASCADE the calculations are performed by assuming first chance fission which is then followed by a sequential emission of light-charged particles and neutrons from the fragments. Second chance fission is found, as expected, to be negligible in this mass region and, therefore, pre-scission emission was not taken into account in the decay process.
The results of the calculated post-scission emission is illustrated in Fig.8 The input parameters of the two models are basically the same. In each case, the diffuse cut-off approximation has been assumed for the fusion partial-wave distribution using a diffuseness parameter of ∆ = 1h and L crit values as calculated from the experimental total fusion cross sections given in the previous section or taken from previous measurements [1] [2] [3] at the lower bombarding energies.
The predictions of both approaches can be compared to fully-damped yield data in Figs.4 and 10.
A disagreement between the model calculations and the experimental results as seen in Fig.4 corresponds to a too large observed mass asymmetry. However, the predictions of EHFM+CASCADE and TSM displayed in Fig.10 provide a quite satisfactory agreement of the general trends of the 35 Cl+ 12 C experimental data over the whole energy range explored.
This might be a good indication of the validity of the hypothesis that the saddle-point shape almost coincides with the scission point configurations in this mass region [6] [7] [8] .
The mass-asymmetric-dependent fission barriers of Sierk [34] , which are central to the success of the TSM calculations [6] , appear to be appropriate in a first-order analysis of the experimental 35 Cl+ 12 C FF excitation functions. Although more detailed theoretical approaches to the fission barriers will be needed in this mass region along with other excitation-function measurements for "sub-threshold" bombarding energies, the extracted "fission thresholds" appear to be quite well understood within a systematic framework which has been recently established [19] . Experimental studies are being currently undertaken in order to precisely determine the angular momentum dependence of the mass-asymmetric fission barriers of light nucleus in this mass region.
To summarize, the measured yields of fully energy-damped binary fragments from the 35 Cl+ 12 C reaction at 280 MeV have been analysed as arising from a fission process, in accordance with previous findings at lower incident energies [1] [2] [3] [4] [5] [6] . The coincident data do not show any evidence for the occurrence of three-body processes, in contrast to recent observations for a similar system at a comparable energy. The "charge deficits" found in the 
